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Abstract  
 Integrated Gasification Combined Cycle (IGCC) is a technology for power generation in 
which the feedstock is partially oxidized with oxygen and steam to produce syngas. In a 
conventional IGCC design without carbon capture, the syngas is purified for dust and hydrogen 
sulphide removal and then sent to a Combined Cycle Gas Turbine (CCGT) for power production. 
The hot GT flue gases are sent to Heat Recovery Steam Generator (HRSG) for steam generation. 
Additional power is produces by expanding the steam generated in a steam turbine. 
 Carbon capture and storage (CCS) technologies are expected to play a significant role in the 
coming decades for reducing the greenhouse gas emissions. Integrated Gasification Combined 
Cycle is one of the power generation technologies having the highest potential to capture carbon 
dioxide with the low penalties in term of plant energy efficiency and cost. The modification of the 
IGCC design for carbon capture can be done in various plant concepts considering the carbon 
capture method to be used (e.g. pre- and post-combustion capture, syngas chemical looping etc.).  
This paper investigates various carbon capture methods suitable to be applied for an IGCC 
plant for power generation. The coal blended with biomass (sawdust) based IGCC case study 
investigated in the paper produces around 400 – 500 MW net electricity with more than 90 % 
carbon capture rate. An important focus of the paper is concentrated on overall energy efficiency 
optimization of the IGCC plant concepts with various carbon capture options by better heat and 
power integration of the main plant sub-systems (e.g. steam integration between gasification island, 
syngas conditioning line and the steam cycle, influence of heat and power demand for Acid Gas 
Removal unit etc.). A particular attention of the paper is focused on the quality specification for the 
captured carbon dioxide stream considering various capture options but also the storage options 
(enhanced oil recovery, storage in depleted oil and gas fields, saline aquifers etc.).    
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1. Introduction 
Energy issue is very important and actual considering the need of security for energy supply, 
environmental protection and climate change prevention by reducing the greenhouse gas emissions. 
It is known that solid fossil fuels reserves (mainly coal and lignite) ensure a greater energy 
independence compared with liquid fossil fuels (oil) or gaseous fossil fuels (natural gas) [1], but 
coal utilization is regarded with concern because of bigger greenhouse gas emissions (carbon 
dioxide). The European Union (EU) is committed to reduce its greenhouse gas emissions by at least 
20 % compared to 1990 levels by 2020 [2], whilst not compromising the competitiveness of the 
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European economy and the security of its energy supply. Meeting this ambitious target requires a 
series of techno-economical measures, which include the development and large scale deployment 
of innovative low carbon energy technologies. One of these technologies is carbon capture and 
storage (CCS). Overviews of the technology and economics of fossil fuel power plants equipped 
with CCS can be found in the literature [3-5]. 
For climate change mitigation, a special attention is given to the reduction of carbon dioxide 
emissions by capture and storage techniques applied to the power generation sector. From the point 
of view of carbon dioxide capture from the power sector, there are several technological options, 
the most important are: post-combustion capture, pre-combustion capture, oxy-combustion, 
chemical looping etc. [4-5]. After capturing, carbon dioxide must be stored safely for a long period 
of time, several practical options are under evaluation: storage in geological reservoirs, storage in 
exhausted oil and gas reservoirs, enhanced oil recovery (EOR) or injection in coal beds (Enhanced 
Coal Bed Methane Recovery - ECBM) [4]. 
For making the carbon capture and storage technologies competitive for implementation in 
large scale applications, technological solutions need to be identified and developed. One of the 
most promising alternatives for generating power from coal, whilst capturing at a minimum 
efficiency penalty the carbon dioxide generated during the energy conversion process, is based on 
gasification [6-7]. Plants of IGCC type can be built with net electrical efficiencies in the 40 – 42 % 
range and have significant potential for further improvements. Carbon capture rates for this plant 
type are above 90 % in contrast to the more usual 85 % of steam turbine plant with post-combustion 
capture (PF plants). More importantly, gasification systems produce hydrogen as a fuel gas, which 
can be purified and used in a low carbon economy where hydrogen is a major energy carrier. 
The aim of this paper is to asses various methods for carbon dioxide capture applicable to 
power generation based on an IGCC scheme. The evaluated carbon capture options are: post-
combustion capture applied to the flue gases coming from the gas turbine using chemical solvents 
(e.g. methyl-diethanol-amine - MDEA) and pre-combustion capture using either gas – liquid 
absorption (chemical and physical solvents) or an iron-based chemical looping system applied to 
the syngas. The case studies investigated in the paper produce about 400 - 500 MW net electricity 
with more than 90 % carbon capture rate considering all carbon feedstock (including biomass). 
 
2. Plant configurations 
The first carbon capture option evaluated in this paper was based on post-combustion 
capture from the flue gases resulted in the gas turbine. This plant concept is similar with 
conventional IGCC technology without carbon capture, the only difference being that flue gases are 
treated for carbon dioxide capture using a chemical solvent (e.g. alkanolamines like MDEA). The 






















Figure 1. Conceptual layout of IGCC scheme for power generation with post-combustion capture 
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The second carbon capture option is based on pre-combustion capture using gas – liquid 
absorption applied to the shifted syngas. The CO2 capture by gas – liquid absorption can be done 
using either chemical solvents (e.g. alkanolamines like methyl-diethanol-amine - MDEA) or 




 processes). The main differences of this scheme 
compared with a conventional IGCC scheme without carbon capture is the presence of catalytically 
conversion stage of carbon monoxide (water gas shift – WGS), having the role to concentrate the 
carbon species in the form of carbon dioxide that can be later captured and a bigger Acid Gas 
Removal (AGR) system. In this configuration AGR unit captures, in addition of hydrogen sulphide 
as in the conventional technology, also carbon dioxide. The hydrogen-rich gas is then used in a 
combined cycle to generate power (hydrogen-fuelled gas turbine).  
Conceptual layout of a modified IGCC scheme for power generation with carbon dioxide 






















Figure 2. Conceptual layout of IGCC scheme for power generation with pre-combustion capture 
 
The third carbon capture option is based on a chemical looping system applied to the syngas 
resulted from gasification process. The chemical looping method consists in two processes 
(oxidation and reduction) undertaken in two separate reactors. In the reduction step, the fuel (in this 
case the syngas resulted from coal gasification) is reacted with an oxygen carrier (usually a metallic 
oxide e.g. iron oxide – magnetite) to form carbon dioxide and water according to chemical reactions 
(1) and (2). After condensing the water vapour, the captured carbon dioxide stream can be send to 
the storage sites. The reduced form (lower oxidation stage or even metal) of the chemical looping 
agent is re-oxidised in an oxidation reactor to its original form using steam and / or air, in this 
article steam was considered as oxidation agent according to chemical reaction (3). After that, the 
oxygen carrier is recycled back to the reduction reactor [9-10].  
This paper evaluated the iron based chemical looping system, in the fuel reactor the syngas 
is oxidised with iron oxide (magnetite) according to the following chemical reactions:     
 
243 434 COFeCOOFe         (1) 
 
OHFeHOFe 2243 434        (2) 
 
The reduced form of the oxygen carrier (iron) is oxidised back in the oxidation reactor using 
steam to regenerate the iron oxide and to produce hydrogen according to the reaction: 
 
2432 443 HOFeOHFe        (3) 
 
The conceptual layout of an IGCC scheme for power generation with carbon capture using 
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Figure 3. Conceptual layout of IGCC scheme for power generation with carbon capture using an iron based chemical 
looping system 
 
For all energy conversion processes with CCS, a major factor which influences the ancillary 
heat and power consumption of the plant is the carbon dioxide capture process and then the 
compression of captured CO2 stream to 100 - 200 bar before being sent to the storage sites. The heat 
consumption for carbon dioxide capture is heavily depending on type of solvent used (chemical, 
physical, hybrids etc.) and the process arrangement (post-combustion or pre-combustion, heat 
integration scheme etc.). In addition to the heat consumption for solvent regeneration, the captured 
carbon dioxide stream compression is requiring a significant amount of energy in form of power 
(about 0.07 – 0.1 kWh/kg CO2). Due to these heat and power consumptions, the application of CCS 
methods will imply an energy penalty of the carbon capture design over the scheme without CCS.  
The quality specification of captured carbon dioxide is also an important factor to be taken 
into consideration when analyse the CCS technologies. Several critical issues in the transport part of 
carbon capture and storage chain have been identified and covered such as safety and toxicity 
limits, compression work, hydrate formation, corrosion and free water formation including cross-
effects (e.g. hydrogen sulphide and water) [4,11]. Usually the specification is chosen considering 
the more restrictive storage case (which is in most of the cases EOR).  
The proposed specification for captured carbon dioxide stream evaluated in this paper was 
considered as follow (composition expressed in % vol.): more than 95 % carbon dioxide; less than 
250 ppm water; less than 2000 ppm carbon monoxide; less than 100 ppm hydrogen sulphide and 
less than 4 % all non-condensable gases (nitrogen, hydrogen, methane, oxygen and argon). In 
particular for EOR applications, the oxygen concentration has to be limited to very low levels (less 
than 10 ppm), this is not a major issue for pre-combustion capture schemes (either based on gas – 
liquid absorption or chemical looping) but could be problematic for post-combustion capture 
arrangements.   
 
Gasification 
Air Separation Unit (ASU) 
& O2 / N2 compression 
O2 
Coal / Sawdust + Transport gas (N2) Air 




Acid Gas  
Removal (AGR) 
Claus Plant and 
Tail gas Treatment 
Sulphur 








& Compression  
 Fuel (syngas) 
reactor 








1864 C.- . Cormos et al. / Energy Procedia 4 (2011) 1861–1868
 Calin-Cristian Cormos / Energy Procedia 00 (2010) 000–000     5 
3. Modeling and simulation of power generation based on IGCC scheme with CCS 
As main design assumptions for all plant concepts evaluated in the paper generate about 400 
- 500 MW net electricity using one M701G2 gas turbine (Mitsubishi Heavy Industries Ltd.). The 
evaluated case studies are designed to capture more than 90 % of the feedstock carbon (including 
the sawdust).  Regarding the feedstock characteristics (a mixture of 80 % coal and 20 % sawdust), 
the coal and biomass (sawdust) composition and thermal characteristics are presented in Table 1. 
 
Table 1. Coal and biomass (sawdust) composition and thermal properties 
Parameter Coal Sawdust 
Proximate analysis (% wt.) 
Moisture (a.r.) 8.10 10.00 
Volatile matter (dry) 28.51 80.05 
Ultimate analysis (% wt. dry) 
Carbon 72.04 49.20 
Hydrogen 4.08 5.99 
Nitrogen 1.67 0.82 
Oxygen  7.36 42.98 
Sulphur  0.65 0.03 
Chlorine 0.01 0.00 
Ash 14.19 0.98 
Calorific value (kJ/kg dry) 
Gross (HHV) 28 704.40 19 436.40 
Net (LHV)  27 803.29 18 113.45 
 
As gasification reactors considered in the paper, the option was in favour of entrained flow 
type operating at high temperature (slagging conditions) which give a high conversion of solid fuel 
(~99 %). From different commercial technologies available on the market, the most promising and 
most efficient entrained-flow gasification technologies [12] were evaluated as follow: 
Case 1 – Siemens (entrained-flow gasifier with dry feed and heat recovery); 
Case 2 – Shell (entrained-flow gasifier with dry feed and water quench); 
Case 3 – GE Texaco (entrained-flow gasifier with slurry feed and full water quench); 
Case 4 – GE Texaco (entrained-flow gasifier with slurry feed and heat recovery); 
Case 5 – E-Gas (entrained-flow gasifier with slurry feed and heat recovery - 2 stages). 
IGCC-based schemes for power generation with carbon capture and storage and evaluated 
energy integration aspects were modelled and simulated using ChemCAD software. In term of 
process thermodynamic, the whole analysis performed in the paper has assumed thermodynamic 
equilibrium. As thermodynamic package used in all simulations, Soave-Redlich-Kwong (SRK) 
model was chosen considering the chemical species present and process operating conditions 
(pressure, temperature etc.). Simulation of all plant concepts yields all necessary process data (mass 
and molar flows, composition, temperatures, pressures, power generated and consumed) that are 
needed to assess the overall performance of the processes. Other design assumptions used in the 
mathematical modeling and simulation are presented in details in other papers [6,8,10,12-16].   
All power generation schemes based on IGCC technology with carbon capture and storage 
analysed in the paper are modelled and stimulated in a fully thermally integrated design, which 
means that all the heating duties needed for various processes (e.g. gasification unit, syngas 
conditioning line, acid gas removal, pre-heating of hydrogen-rich gas before gas turbine etc.) are 
based on available hot streams within the plant (e.g. hot raw syngas from the gasifier, gas turbine 
effluent etc.). The only energy input of the plant being the solid feedstock (coal) used in the gasifier. 
   
4. Results and discussions 
First, all five gasification technologies evaluated in the paper were simulated only for 
electricity production with carbon capture using physical gas – liquid absorption (Selexol®). Table 2 
is presenting the main plant performance indicators for evaluated gasifier options. All investigated 
cases generate about 410 – 450 MW net electricity with a net electrical efficiency in range of 33 – 
37 %. The most energy efficient is Case 2 (Shell gasifier), followed by Case 5 (Conoco-Phillips E-
Gas gasifier) and Case 1 (Siemens gasifier). GE Texaco gasifier with full water quench (Case 3) is 
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the least efficient because of slurry feed and water quench combination, the drawbacks of this 
option are partially corrected by the radiant heat design (Case 4). 
 
Table 2. Overall plant performance indicators (pre-combustion capture using Selexol) 
Main Plant Data Units Case 1 Case 2 Case 3 Case 4 Case 5 
Fuel flowrate (a.r.) kg/h 180455 180455 194900 194900 174250 
Coal / Sawdust LHV (a.r) MJ/kg 25.353 / 16.057 
Feedstock thermal energy – LHV (A) MWth 1177.68 1177.68 1272.16 1272.16 1137.18 
 
Thermal energy of the syngas (B) MWth 934.26 934.30 933.00 933.12 928.84 
Cold gas efficiency (B/A * 100) % 79.33 79.33 73.34 73.35 81.68 
Thermal energy of syngas exit AGR (C) MWth 831.95 832.64 830.18 830.39 830.19 
Syngas treatment efficiency (C/B *100) % 89.05 89.12 88.98 88.99 89.38 
 
Gas turbine output (1 x M701G2) MWe 334.00 334.00 334.00 334.00 334.00 
Steam turbine output (1 ST) MWe 200.14 213.84 225.89 252.48 199.54 
Expander power output MWe 0.78 0.78 4.09 4.09 0.66 
Gross electric power output (D) MWe 534.92 548.62 563.98 590.57 534.20 
 
ASU consumption + O2 compression MWe 45.13 45.15 61.55 61.55 42.50 
Gasification island power consumption MWe 8.27 9.12 7.94 8.34 7.71 
AGR + CO2 drying & compression MWe 40.54
 
39.81 53.54 53.41 52.46 
Power island power consumption MWe 19.05 18.78 20.27 20.39 20.24 
Total ancillary power consumption (E) MWe 112.99 112.86 143.30 143.69 122.91 
 
Net electric power output (F = D – E) MWe 421.93 435.76 420.68 446.88 411.29 
Gross electrical efficiency (D/A * 100) % 45.42 46.58 44.33 46.42 46.97 
Net electrical efficiency (F/A * 100) % 35.82 37.00 33.06 35.12 36.16 
Carbon capture rate % 92.83 90.79 93.97 93.62 90.01 
CO2 specific emissions kg/MWh 71.19 87.17 67.14 66.89 107.43 
 
Specific carbon dioxide emissions of the evaluated plant configurations are in the range of 
67 – 107 kg/MWh with about 90 – 94 % carbon capture rate (the carbon capture rate is referring to 
the total carbon from the feedstock not considering the fact that sawdust carbon is renewable). 
Conventional IGCC technology for power generation without carbon capture has specific CO2 
emission in the range of 700 – 800 kg/MWh [12]. IGCC technology has also other benefits from 
environmental point of view like very low SOx, NOx and particulate matter emissions. 
As a benchmark gasifier used to evaluate carbon capture options, the most energy efficient 
case was considered (Case 2 – Shell gasifier). Case 2 is combining a dry feed design (higher 
efficiency compared with slurry feed design) and gas quench configuration which both ensure high 
efficiency of the plant. Table 3 is presenting the key plant performance indicators for the evaluated 
carbon capture options (pre-combustion capture using Selexol

 or MDEA, post-combustion capture 
using MDEA and an iron-based chemical looping system).  
 
Table 3. Comparison of carbon capture methods by pre-, post-combustion and chemical looping for Case 2 





     MDEA 
Chemical 
looping 
Fuel flowrate (a.r.) kg/h 161370 180455 180455 177610 
Coal / Sawdust LHV (a.r) MJ/kg 25.353 / 16.057 
Feedstock thermal energy – LHV (A) MWth 1053.12 1177.68 1177.68 1159.10 
 
Thermal energy of the syngas (B) MWth 835.22 934.30 934.30 913.95 
Cold gas efficiency (B/A * 100) % 79.31 79.33 79.33 78.85 
Thermal energy of syngas exit AGR (C) MWth 831.80 832.64 832.64 813.87 
Syngas treatment efficiency (C/B *100) % 99.59 89.12 89.12 89.05 
 
Gas turbine output (1 x M701G2) MWe 334.00 334.00 334.00 334.00 
Steam turbine output (1 ST) MWe 137.61 213.84 203.57 208.46 
Expander power output MWe 1.47 0.78 1.18 0.31 
Gross electric power output (D) MWe 473.08 548.62 538.75 542.77 
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ASU consumption + O2 compression MWe 43.53 45.15 45.12 46.64 
Gasification island power consumption MWe 8.94 9.12 9.34 10.48 
AGR + CO2 drying & compression MWe 30.23 39.81 36.75 18.91 
Power island power consumption MWe 19.92 18.78 18.65 22.81 
Total ancillary power consumption (E) MWe 102.92 112.86 109.86 98.84 
 
Net electric power output (F = D – E) MWe 370.16 435.76 428.89 443.93 
Gross electrical efficiency (D/A * 100) % 44.92 46.58 45.74 46.82 
Net electrical efficiency (F/A * 100) % 35.14 37.00 36.41 38.30 
Carbon capture rate % 90.36 90.79 91.24 99.51 
CO2 specific emissions kg/MWh 92.39 87.17 85.74 3.29 
 
The post-combustion capture using MDEA is less efficient with about 1.3 % in term of net 
electrical efficiency compared with pre-combustion capture using the same solvent. Compared with 
pre-combustion capture using Selexol
®
 process, post-combustion capture using MDEA is less 
efficient with about 1.9 % net electrical efficiency. This fact is due to the heat needed for solvent 
regeneration (much more compared with physical solvents) and the difference in term of carbon 
dioxide partial pressure in the gases between post-combustion and pre-combustion situations. 
One can notice that the IGCC scheme with CCS based on chemical looping system is 
significant more efficient than the one based on Selexol
®
 pre-combustion capture with about 1.3 % 
in term of net electrical efficiency. The superior efficiency of the iron-based chemical looping 
system in comparison with gas – liquid absorption (either physical or chemical absorption) is even 
more significant considering that there is an almost totally decarbonisation of the fuel used. 
For pre- and post-combustion capture options, the captured CO2 stream is complying with 
proposed specification. Regarding to the chemical looping option, Table 4 presents the composition 
for all investigated case studies vs. the proposed quality specification. It can be noticed that for 
slurry feed designs (both GE Texaco cases and E-Gas), the captured CO2 specification is in the 
range of proposed quality specification (see section 2 of the paper). But for dry feed designs (Shell 
and Siemens gasifiers) due to the nitrogen used to transport the fuel to the gasifier, the carbon 
dioxide content is lower than the proposed limit (95 % vol.), this fact can be corrected using some 
of the captured CO2 as fuel transport gas to the gasifier (see the results for Shell - dry feed CO2). 
 






(dry feed N2) 
Siemens 






(dry feed CO2) 
     CO2 >95.00 91.25 91.22 96.51 96.53 96.91 
     CO <2000 ppm <0.01 <0.01 <0.01 <0.01 <0.01 




7.46 7.48 1.94 1.92 1.76 
     O2 0.00 0.00 0.00 0.00 0.00 
     Ar 1.27 1.28 1.53 1.53 1.31 
     H2 <0.01 <0.01 <0.01 <0.01 <0.01 
     H2S+COS <100 ppm 5 ppm 5 ppm 4 ppm 5 ppm 5 ppm 
     H2O <250 ppm 15 ppm 14 ppm 1 ppm 1 ppm 12 ppm 
     Other  <0.01 <0.01 <0.01 <0.01 <0.01 
 
5. Conclusions 
 This paper investigates the most promising carbon dioxide capture suitable to be applied for 
power generation based on IGCC design. The principal focus of the paper was concentrated on 
evaluation of pre- and post-combustion capture options using physical and chemical solvents as 
well as iron-based chemical looping system to be applied to the syngas obtained by coal 
gasification. The evaluation was based on modeling and simulation work, the most important design 
characteristics being evaluated in details like: selection of gasification reactor, heat and power 
integration of the main plant sub-systems, selection of AGR solvents etc. 
The most promising commercial gasification technologies based on entrained-flow gasifiers 
were evaluated in details, using both qualitative and quantitative indicators, for IGCC-based power 
generation with carbon capture and storage. For one most energy efficient illustrative example of 
entrained-flow gasifiers (Shell gasifier) different carbon capture options (pre-, post-combustion and 
chemical looping) were evaluated detail for assessing the main plant performance indicators.  
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Regarding the evaluated carbon dioxide capture options, the iron-based chemical looping 
system is significant more energy efficient than the other two evaluated options (pre-combustion 
and post-combustion capture). Also, pre-combustion capture for both chemical and physical 
solvents is more energy efficient than post-combustion capture using chemical solvents. Chemical 
looping systems ensure also an almost totally decarbonisation rate of the fossil fuel compared with 
pre- and post-combustion capture.    
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